Background The Bernese periacetabular osteotomy (PAO) can relieve pain and restore function in patients with symptomatic acetabular dysplasia. Accurate acetabular correction is fundamental to achieving these clinical goals and presumably enhancing survivorship of the reconstruction. Fluoroscopy is used by some surgeons to assess intraoperative acetabular correction but it is unclear whether the features observed by fluoroscopy accurately reflect those on postoperative radiographs. Questions/Purposes We therefore determined whether the parameters of acetabular correction of PAO correlated on intraoperative fluoroscopic imaging and postoperative radiography. Methods We retrospectively reviewed the imaging of 48 patients (50 hips) who underwent PAO. Intraoperative fluoroscopic AP and false profile images were obtained after final PAO correction. The intraoperative deformity correction as measured on the two fluoroscopy views was compared with the correction determined with postoperative standing plain AP pelvis and false profile radiographs using common measurements of acetabular position.
Introduction
Insufficient acetabular coverage of the femoral head in developmental dysplasia of the hip (DDH) is a major cause of hip pain, dysfunction, and secondary osteoarthritis [4, 7, 9, 10, 12, 21] . The Bernese periacetabular osteotomy (PAO) is commonly used for treating patients with symptomatic dysplasia. It helps restore normal hip biomechanics, decreases symptoms, improves function, and theoretically prolongs the longevity of the hip [20, 22, 25, 27, 33] . The PAO involves a series of osteotomies that allow for three-dimensional reorientation of the acetabulum. Precise reorientation is fundamental to achieving the clinical goals because normalizing acetabular inclination, extrusion index, and medial offset correlate with pain levels, physical function, and survivorship at 7 to 20 years after PAO [26, 27, 31] . Lateral center-edge angle of Wiberg and anterior center-edge angle of Lequesne are other radiographic parameters that are frequently used to judge acetabular reorientation [5] .
To proficiently reorient the acetabulum, surgeons frequently rely on intraoperative plain radiographs or fluoroscopic imaging. Fluoroscopy can be used to evaluate each of the aforementioned measurements in an attempt to produce the desired correction. Moreover, radiographic parameters of acetabular position can be affected by pelvic rotation necessitating a very careful, systematic approach to the use of intraoperative imaging. Although intraoperative fluoroscopic imaging is time-efficient and convenient, it is unclear whether the corrections on intraoperative fluoroscopy correlate with those on postoperative radiographs.
We therefore assessed the correlation between intraoperative fluoroscopic imaging and postoperative radiography in assessing parameters of acetabular correction during PAO.
Patients and Methods
We retrospectively reviewed the radiographs from all 90 patients (99 hips) who underwent PAO for DDH between October 30, 2006, and January 31, 2011. Two surgeons (JCC and PLS) performed all surgeries. We excluded 49 of the hips (42 patients) operated on during this time because intraoperative fluoroscopic views were not archived in our electronic medical record and were unavailable for review. Intraoperative fluoroscopic AP and false profile images were obtained after final PAO correction and fixation of the remaining 50 hips (48 patients) that were included in our study for review. We used standing, weightbearing, followup AP, and false profile radiographs that were taken at an average of 11 weeks (range, 4-57 weeks) after surgery. We obtained prior internal review board approval.
We used a standardized fluoroscopic technique intraoperatively to standardize pelvic tilt and rotation. First, the fluoroscope was positioned approximately 6 inches above the patient such that both obturator foramina and the majority of the pelvic ring were visible on the fluoroscope. The fluoroscope was aligned perpendicular to the patient and adjusted in the coronal and sagittal planes until acceptable pelvic position was obtained. We did not consider an AP pelvis image acceptable until obturator foramina were symmetric from side to side, the coccyx was in line with the center of the pubic symphysis, the pubic symphysis was vertical, and the sacrococcygeal junction was 1 to 5 cm away from the pubic symphysis. After fluoroscopic calibration, at the midline, AP images of the operative hip were performed by directly translating the fluoroscope to a position centered over the right hip without adjusting the magnification, tilt, or rotation of the image. This allowed observation of the obturator foramen, the entire joint, the greater trochanter, and the majority of the periacetabular region of the ipsilateral hemipelvis. Similarly, for the intraoperative false profile view, we aligned the fluoroscope perpendicular to the patient, directly centered over the femoral head, and then rolled back over the patient to obtain a 65°-lateral projection [18] . Intraoperative deformity correction was analyzed subjectively with variable goals of correcting the hip to obtain a lateral center-edge angle of 20°to 35°, acetabular inclination of 0°to 15°, extrusion index of 10°to 25%, medial offset of 5 to 15 mm, and anterior center-edge angle of 20°t o 30°. Nevertheless, definitive correction also was influenced by the degree of dysplasia preoperatively and the hip ROM at the time of acetabular correction. Specifically, acetabular reduction was adjusted to maintain at least 90°h ip flexion. The magnitude of corrections in our series averaged 18.7°f or lateral center-edge angle, 8.4°for anterior center-edge angle, À13.2°for acetabular inclination, 24% for extrusion index, and À4.4 mm for medial offset.
We performed standing, weightbearing AP pelvis postoperative images using a standardized technique. They were obtained with the patient standing with their legs in 15°internal rotation with the crosshairs of the x-ray beam centered on a point midway between the superior border of the pubic symphysis and a line drawn connecting the anterosuperior iliac spines. We used an x-ray tube-to-film distance of 120 cm with the tube oriented perpendicular to the standing patient and cassette [5] . False profile radiographs were obtained with the patient in a standing position with the affected hip against the cassette and the pelvis rotated 65°in relation to the Bucky wall stand. The foot on the same side as the affected hip was positioned so that it was parallel to the cassette. We centered the central beam on the femoral head with a tube-to-film distance of approximately 40 inches (102 cm) [5] .
Radiographic analysis was performed electronically in chronologic order by one author (CLL, not a treating surgeon) experienced in radiographic measurements of the prearthritic hip [8, 18, 24, 29, 34] using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Analysis included measurement of the lateral center-edge angle, anterior center-edge angle, acetabular inclination, extrusion index, and medial offset distance. We repeated electronic measurements on 10 of the postoperative radiographic images used in our study to confirm intraobserver reliability. The intraclass correlation coefficients (ICCs) for intraobserver variability ranged from 0.82 to 1.0.
Interobserver reliability has been established in multiple studies with ICCs for lateral center-edge angle ranging from 0.42 to 0.92, acetabular inclination from 0.45 to 0.85, extrusion index from 0.84 to 0.91, medial offset of 0.8, and anterior center-edge angle from 0.55 to 0.88 [1-3, 6, 19, 23, 28] .
We compared the intraoperative fluoroscopic deformity correction with correction on postoperative plain AP pelvis and false profile images. Additionally, preoperative AP pelvis and false profile measurements were compared with postoperative measurements. We determined correlation between measurements of acetabular position made on intraoperative fluoroscopy and postoperative radiographs using the ICC. Additionally, for each radiographic parameter the percentage of cases with a relevant threshold (ie, 5°) is reported.
Results
The mean measurements for intraoperative fluoroscopy and postoperative plain radiographs for lateral center-edge angle, center-edge angle, anterior center-edge angle, acetabular inclination,, extrusion index, and medial offset are shown ( Table 1) .When comparing intraoperative fluoroscopy with postoperative plain radiographs, the lateral center-edge angle showed an ICC of 0.80 (the highest correlation observed) ( Table 2 ). In 88% of cases, intraoperative and postoperative lateral center-edge angle were within 5°( Fig. 1 ). Examples showing good agreement of lateral center-edge angle measurements between intraoperative fluoroscopy and the postoperative radiograph are shown ( Fig. 2) . In contrast, we also have provided examples that show poor agreement of lateral center-edge angle measurements between intraoperative fluoroscopy and postoperative radiographs ( Fig. 3) . Similarly, acetabular inclination, anterior center-edge angle, and extrusion index all showed a high amount of correlation but less than the lateral centeredge angle ( Table 2 ). Intraoperative measurements for anterior center-edge angle were within 5°of postoperative measurements in 72% of cases ( Fig. 4 ). Intraoperative measurements for acetabular inclination were within 5°of postoperative measurements in 60% of cases ( Fig. 5 ). Extrusion index was within 5% for 72% of cases. Medial offset was the least reliable measurement showing only moderate correlation with an ICC of 0.46. Measurement of medial offset between intraoperative fluoroscopy and postoperative radiographs was within 5 mm in 76% of cases. 
Discussion
PAO is a highly technical operation dependent on precise reorientation of the acetabulum to improve pain, restore function, and provide a durable reconstruction [15, 26, 27, 31] . We investigated the correlation of intraoperative fluoroscopy with postoperative plain radiographic assessment of acetabular reorientation. Correlation of intraoperative fluoroscopy is important because it is one method used intraoperatively by surgeons to determine parameters of acetabular correction. However, it is unclear whether the parameters measured on intraoperative fluoroscopy correlate to those measured on postoperative radiographs. We therefore assessed the correlation between intraoperative fluoroscopic imaging and postoperative radiography in assessing parameters of acetabular correction during PAO.
Our study has certain limitations. First, the fluoroscopic images were taken with the patient in the supine position, whereas the postoperative radiographs were taken with the patient standing, which can produce variances in pelvic tilt and rotation. Konishi and Mieno [14] showed the pelvis tilts approximately 5°posteriorly when radiographs are taken with the patient in a standing versus supine position. There are also patient-specific variances in pelvic tilt that were not reproduced exactly with our fluoroscopic examination. Kojima et al. [13] analyzed the effect of pelvic tilt on lateral center-edge angle in normal and dysplastic hips and found supine radiographs tend to overestimate the lateral center-edge angle by 1°to 2°when compared with standing radiographs. Similarly, Troelsen et al. [32] quantified the effect of supine versus standing radiographs on lateral center-edge angle, acetabular inclination, and medial offset. They found the measured lateral center-edge angle decreased by 1.3°to 1.6°, acetabular inclination increased by 1.6°to 2.3°, and medial offset decreased by 0.06 to 0.14 cm on standing radiographs. Lee et al. [17] analyzed the effect of pelvic tilt on radiographic projection of hip structure and showed changes in pelvic tilt as much as 20°d id not have a substantial effect on lateral center-edge angle but did produce substantial changes in acetabular inclination. Although these studies confirm pelvic tilt does affect the radiographic projection of hip structure, the effects on the radiographic parameters analyzed in our study are relatively small. Second, the location of the center of the radiographic beam influences the projection of radiographic images [11] . An image centered on the hip will project differently than an image centered on the pelvis. Standard assessment of morphologic features of the acetabulum uses AP pelvis images, not AP hip images. This projection cannot be reproduced with fluoroscopy owing to the limited field of view. However, despite this theoretical limitation, we observed strong correlations between fluoroscopic images and postoperative radiographs. Therefore, the differences resulting from variances in radiographic projection between AP pelvis and AP hip images are likely small if both images are obtained with acceptable pelvic tilt and rotation. Another difference between fluoroscopy and plain radiographs is that fluoroscopic images have poorer resolution than plain radiographs potentially making it more difficult to find the necessary landmarks for measurement. In addition, intraoperative AP pelvis radiographs have limitations relative to pelvic position, projection, and image quality. Finally, in comparing our intraoperative and postoperative images, we are assuming there had been no migration of the acetabular fragment. We did not observe loss or change in the acetabular correction in any case; however, we acknowledge that small position changes are possible. We also recognize that correlations between intraoperative fluoroscopy and postoperative radiographs could be much lower if fluoroscopic images were rotated or magnified in ways other than the standardized technique described in this article.
Our data indicate intraoperative fluoroscopy is reliable for predicting postoperative acetabular position. The fluoroscopic measurement with the greatest correlation with postoperative radiographic correction was lateral centeredge angle. Similarly, acetabular inclination, anterior center-edge angle, and extrusion index also had substantial reliability, whereas medial offset was the least reliable. In one of the earlier series of PAOs published, Siebenrock et al. [26] showed that cases in which postoperative acetabular inclination correction was not within the 0°to 10°r ange correlated with worse Postel and Merle D'Aubigné scores (worse pain, decreased ability to ambulate) at an average of 11 years followup Similarly, Troelsen et al. [31] found a medial offset greater than 2 cm correlated with poor 9-year survivorship of PAO. At 20 years followup, Steppacher et al. [27] found a postoperative extrusion index of 20% or greater correlated with poor survivorship of PAO. At an average followup of 9-years Matheney et al. [20] observed an age older than 35 years and poor preoperative congruency predicted poor results defined as either conversion to THA or having a pain score greater than 10 on the WOMAC pain score. These studies showed acetabular inclination, medial offset, and extrusion index correlate with clinical outcomes at 9 to 20 years, but do not show a direct correlation between lateral center-edge angle and anterior center-edge angle and clinical outcomes at 9 to 20 years. These studies reinforce the concept that radiographic measurements are an important marker of correct acetabular position and correlate to clinical outcomes. However, the small differences we found in the measurements between intraoperative fluoroscopy and postoperative radiographs would likely not be large enough to alter the long-term outcome. Thus, fluoroscopy seems to be an acceptable tool in allowing the surgeon to accurately assess the degree of correction of the osteotomy intraoperatively.
Kuhnel et al. [16] recently evaluated the reliability of intraoperative fluoroscopy in comparison to postoperative radiographs on 22 consecutive patients. They calculated kappa values of 0.65 for acetabular inclination and 0.55 for lateral center-edge angle for agreement between intraoperative fluoroscopy and postoperative plain radiographs. Unlike Kuhnel et al., we found acetabular inclination and lateral center-edge angle to be more reliable for producing the desired correction. Troelsen [30] reported the reliability of a novel device that can be used intraoperatively in conjunction with fluoroscopy for determining angular correction. The device involves securing intraoperative pins in bilateral anterosuperior iliac spines to which a radiopaque measurement device can be centered over the femoral head and attached. Using this device, he found fluoroscopic measurements were within ± 5% in 95% of postoperative measurements for lateral center-edge angle and acetabular inclination in 35 hips. Similar to the study by Troelsenl, we found measurements of lateral centeredge angle and acetabular inclination can be used on intraoperative fluoroscopy to reliably produce the desired amount of correction on postoperative plain radiographs. In addition to the studies by Kuhnel et al. and Troelsen, we expanded our measurements by analyzing the anterior center-edge angle, extrusion index, and medial offset. We found these measurements to be less reliable than lateral center-edge angle and acetabular inclination.
Our study suggests intraoperative fluoroscopy is an acceptable tool for assessing acetabular correction in PAO. Measurements of lateral center-edge angle, acetabular inclination, and anterior center-edge angle show the greatest correlation with postoperative plain radiographs. Extrusion index and medial offset should be used with more caution when making intraoperative decisions regarding acetabular correction. Intraoperative fluoroscopy continues to be our preferred imaging modality for assessing acetabular deformity correction in PAO.
